Novel hemotropic mycoplasmas are widespread and genetically diverse in vampire bats 1 2
Summary 24
Bats (Order: Chiroptera) have been widely studied as reservoir hosts for viruses of concern for 25 human and animal health. However, whether bats are equally competent hosts of non-viral 26 pathogens such as bacteria remains an important open question. Here, we surveyed blood and 27 saliva samples of vampire bats from Peru and Belize for hemotropic Mycoplasma spp. 28 (hemoplasmas), bacteria that can cause inapparent infection or anemia in hosts. 16S rRNA gene 29 amplification of blood showed 67% (150/223) of common vampire bats (Desmodus rotundus) 30 were infected by hemoplasmas. Sequencing of the 16S rRNA gene amplicons revealed three 31 novel genotypes that were phylogenetically related but not identical to hemoplasmas described 32 from other (non-vampire) bat species, rodents, humans, and non-human primates. Hemoplasma 33 prevalence in vampire bats was highest in non-reproductive and young individuals, did not differ 34 by country, and was relatively stable over time (i.e., endemic). Metagenomics from pooled 35
Introduction 43
Bats (Order: Chiroptera) have been widely studied as reservoir hosts for pathogens of concern 44 for human and animal health [1, 2] , with particular attention paid to RNA viruses in the 45
Coronaviridae, Filoviridae, Rhabdoviridae, and Paramyxoviridae families [3] [4] [5] . The 46 association of bats with human and animal disease is in part explained by the high diversity of 47 zoonotic viruses that circulate in bats. Per species, bats host more zoonotic viruses than all other 48 mammalian orders and are more likely to share viruses among species, which may be due to 49
aggregations of large colonies, migration, and the multi-species roosts of many bats [6] [7] [8] . 50
However, whether bats are equally competent hosts of non-viral pathogens such as bacteria 51 remains an open and understudied question [9, 10] . Bacteria such as Yersinia spp. and Leptospira 52 spp. have been detected in bats [11, 12] , but the importance of these pathogens for human, 53 wildlife, or domestic animal health remains unknown. For other bacteria such as Bartonella spp., 54 phylogenetic analyses have suggested a potential role of bats in the transmission of zoonotic 55 Bartonella sp. [13] , such as B. mayotimonensis, an etiologic agent of human endocarditis 56 [14, 15] . 57
Recent studies have also shown hemotropic Mycoplasma spp. (hemoplasma) infections in 58 bats [16] [17] [18] [19] . Hemoplasmas are facultative intracellular erythrocytic bacteria without a cell wall 59 that were formerly classified as Haemobartonella and Eperythrozoon spp. based on their 16S 60 rRNA gene sequences and cell morphologic properties [20] [21] [22] [23] . These bacteria are thought to be 61 transmitted through direct (blood and saliva) and possibly vector-borne contact [23] [24] [25] [26] (see GenBank accession numbers KY932676, KY932681-KY932686, KY932694,  149   KY932697-KY932700, KY932702, KY932711, KY932713-KY932715, KY932717-150 KY932720, KY932723, KY932724). All PCR in this study was qualitative and thus the load of 151 hemoplasma DNA in individual blood samples was not quantified. 152
The 16S rRNA amplicons produced were directly sequenced (without cloning into a 153 plasmid vector) by Macrogen. Prior to sequencing, PCR amplicons were purified by 154 electrophoresis through 1.5% agarose gels and extracted with the QIAquick Gel Extraction Kit 155 (Qiagen, Hilden, Germany). Amplicons were sequenced with the same primers used for PCR 156 amplification and then with internal (walking) primers when needed. All PCR reactions were conducted under the following conditions: a polymerase 168 activation step at 95°C for 5 min (or 15 min for HotStarTaq only) followed by 45 cycles of 95°C 169 for 30s, 60°C for 60s, and 72°C for 60s, with a final extension at 72°C for 10 min. PCR products 170 were detected by electrophoresis through 1% TAE-agarose gels containing ethidium bromide 171 concentrations followed by UV visualization. 172
To avoid the potential presence of chimeric sequences or PCR-derived variants in the 173 data, all hemoplasma 16S rRNA PCR products for phylogenetic analyses were directly amplified 174 from blood DNA samples of vampire bats with two different DNA polymerases (HotStarTaq and 175 Vent) and were directly sequenced without cloning [52, 53] . All gene sequences prior to the 176 downstream phylogenetic analysis were subjected to the chimeric sequence analysis using 177 DECIPHER [54] and UCHIME [55] . All sequences available from this study have been 178 deposited in GenBank under the accession numbers KY932674-KY932724.
Phylogenetic analyses 181
The 16S rRNA sequences detected in this study were compared to those available in GenBank 182 using procedures, algorithms, and methods for phylogenetic tree inference as described 183
elsewhere [50, 56, 57] . Briefly, the sequences of the 16S rRNA genes were compared to the 184 GenBank nucleotide database. Nucleotide sequences were aligned using the publicly available 185
Clustal X software (http://www.clustal.org). Inter-and intra-species similarity was generated 186 using BioEdit software (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). Genetic distances 187
were calculated by using the Kimura two-parameter and Tamura-Nei models, and phylogenetic 188 trees were constructed in MEGA 6 software using the minimum evolution algorithm 189 (http://www.megasoftware.net). 190
191

Statistical analyses 192
We first calculated hemoplasma prevalence and 95% confidence intervals using the Wald of the read. Low complexity reads were filtered out using the DUST method and PCR duplicates 243 removed using PRINSEQ [72] . We screened cleaned reads for hemoplasma-like sequences using 244 nucleotide BLAST [73] against a custom database composed of the PCR-generated hemoplasma 245 sequences from this study, retaining only the best alignment for a single query-subject pair. The 246 hemoplasma-like reads were then de-novo assembled using the assembly-only function of 247
SPAdes [74] , and contigs greater than 300 bp were screened for sequences closely matching 248
Mycoplasma species using nucleotide BLAST in Genbank. 249
250
Results
251
Hemoplasma genotype detection and phylogenetic analysis 252
Hemoplasma infection was detected by 16S rRNA PCR in 150/223 (67%; 95% CI=0.61-0.73) of 253 common vampire bats (Desmodus rotundus) but was not found in our single sample from a 254 hairy-legged vampire bat (Diphylla ecuadata). We did not detect hemoplasmas in any blood 255 samples with light microscopy. Hemoplasma infection prevalence as assessed by PCR ranged 256 from 0-100%, with a mean 67.53% bats per site infected with at least one genotype (Fig. 1 ). 257 Figure 2 shows the inferred phylogenetic position of the hemoplasma sequences 258 identified in vampire bats among known hemotropic Mycoplasma species using partial 16S 259 rRNA genes (871-890 bp). Vampire bat hemoplasmas represented three main genotypes (Table  260 S2, Fig. 2 ). One other sample (D141; GenBank accession number KY932724) showed 97% 261 similarity to the 16S ribosomal RNA gene of Mycoplasma moatsii strain MK405 (NR_025186), 262 a non-hemotropic Mycoplasma spp. isolated from grivit monkeys (Cercopithecus aethiops); 263 however, we were not able to amplify the full-length 16S rRNA gene from this sample. Inter-264 laboratory contamination with M. moatsii was excluded as we do not handle this species in our 265 laboratory; the same sequence was also repeatedly amplified from the same blood sample. 266
Vampire bat hemoplasma genotypes 1 and 2 were closely related (97-98% inter-genotype 267 similarity, Table S2 ) and similar to hemoplasmas detected in common bent-wing bats 268 (Miniopterus schreibersii) in Spain (86-87% similarity to GenBank accession numbers 269 KM538691-KM538698), little brown bats (Myotus lucifugus) in the United States (88-89%similarity to KF713538), wild Japanese monkeys (Macaca fuscata) (93-94% similarity to 271 AB820288), tufted capuchins (Sapajus apella) in the Brazilian Amazon (88-90% similarity to 272 KT314160-KT314164), and to a hemoplasma detected in a human patient with hemolytic 273 anemia and pyrexia in the United States (94% similarity to GU562823). Genotype 3 was most 274 similar to Mycoplasma coccoides (93-95% similarity to AY171918), Candidatus Mycoplasma 275 turicensis (93-94% similarity to DQ157153), a hemoplasma detected in a capybara 276 (Hydrochoerus hydrochaeris) in Brazil (92-93% similarity to FJ667774), and hemoplasmas 277 detected in velvety free-tailed bats (Molossus molossus) in Brazil (90-93% similarity to 278 KY356747-KY356751). No chimeras were detected from these 16S rRNA gene sequences. 279
Within vampire bats, hemoplasma genotype 1 was the most common sequence identified 280 (Fig. 3) , infecting 68% of positive bats (100/150). Genotypes 2 and 3 infected 22% (33/150) and 281 9% (14/150) of positive bats, respectively. The number of genotypes detected per site ranged 282 from one to three, but no coinfection with multiple genotypes was observed. Genotype and were marginally associated with sex (X 2 =7.12, p=0.10). Non-reproductive bats showed 290 greater infection with genotype 1 but less infection with genotype 2 than reproductive bats, while 291 males tended to harbor more infection with genotype 1 and 2 than females (Fig. S1) . 292
293
Risk factors for hemoplasma infection in vampire bats 294
All hemoplasma genotypes and vampire bat species were pooled for analyses of infection 295 prevalence. The 95% confidence set of GLMMs contained 58/124 of the original models (Table  296 S3), with variable importance as follows: reproductive status (95%), age (75%), season (65%), 297 the interaction between season and reproductive status (48%), sex (44%), country (27%), year 298 (18%), the interaction between season and sex (7%), the interaction between sex and 299 reproductive status (7%), and the interaction between country and year (<1%). These models 300 explained between 9% and 21% of the variation in hemoplasma infection (Table S3 ). The 301 averaged odds ratios for the effect of being non-reproductive (OR=1.45, 95% CI=1.05-2.02) and 302 being non-reproductive in the spring (OR=0.68, 95% CI=0.50-092) on infection was different 303 than one (Fig. 4A) , although the 95% confidence interval for subadults only just overlapped with 304 one (OR=1.50, 95% CI=1.00-2.26; Fig. 4A ). A weaker effect was observed for males (OR=1.21, 305 95% CI=0.85-1.66). Hemoplasma infection prevalence was thus greatest for non-reproductive 306 bats, especially those sampled in the spring, and for subadult bats (Fig. 4B-C) . The odds of 307 hemoplasma infection did not vary across the two countries and two years (Fig. 4A) . In a small 308 sample of recaptured bats (n=6), we observed two bats move from infected to uninfected status 309 within 367-371 days, while two individuals remained infected across 369-424 days (Fig. S2) . 310
311
Comparison of Mycoplasma species detected in blood and saliva 312
Based on the saliva metagenomic data, we identified contigs closely matching to Mycoplasma 313 species in all oral swab sample pools from Peru (Table S4) . We consistently found long contigs 314 (>1300 bp) with high coverage likely belonging to non-hemoplasma Mycoplasma species present 315 in vampire bat saliva. Across all study regions, we also identified shorter contigs (400-500 bp) 316 genotypes demonstrated low levels (i.e. <97%) of sequence identity to previously described 353 genotypes (or hemoplasma species) detected in other animal species, which suggests that these 354 vampire bat hemoplasmas are novel hemoplasma genotypes or putatively new hemoplasma 355
species not yet described in other animals [56, 57] . 356
The vampire bat genotypes are paraphyletic to each other and appear to have common 357 ancestry with hemoplasmas from other bats, rodents, humans, and non-human primates, 358
suggesting that hemoplasmas have a history of host shifts between closely and distantly related 359 species during evolution. Additionally, we observed no geographic clustering for genotypes 2 360 and 3, suggesting vampire bat hemoplasmas are broadly distributed across Latin America. 361
However, for hemoplasma genotype 1, sequences from Belize and Peru had geography-specific 362 single nucleotide polymorphism (SNPs) and varied by 2.2% (20 SNPs of 871 nt analyzed 363 sequence); these sequences fell into two country-specific groups (Fig. 2) However, the sensitivity of our PCR has not been quantified, so prevalence in vampire bats could 371 conceivably be higher than we detected. Hemoplasmas have not been cultured in vitro, and their 372 detection in many species has used PCR with or without analysis of Romanowsky-Giemsa and 373 acridine orange-stained blood smears [20, 57] . Prior work on bats has relied on PCR only but 374 either with blood preserved in EDTA or with spleen, liver, or heart tissues [16, 17, 19] . We 375 instead used blood preserved on Whatman FTA cards to facilitate room-temperature sample 376 storage in remote, tropical field conditions. During primary PCR screening, we found only 30% 377 of positive samples produced a strong band through gel electrophoresis; other positive samples 378 produced average or weak bands and we were mostly unable to amplify the full-length 16S 379 rRNA gene from such samples. Similar problems with amplification of hemoplasma-specific 380 PCR products were recently identified in other bat species in Brazil [19] . Two possibilities for 381 the high number of weak band samples in primary PCR are that hemoplasma concentrations in 382 vampire bat blood are low or that the use of current sample collection or storage methods are 383 inefficient for hemoplasma characterization in bats. We did not detect hemoplasmas in blood 384 using light microscopy, though the sensitivity of this method is relatively low compared to PCR 385 [78] . Further, manual staining in field conditions often results in stain precipitate, which makes 386 definitive detection of hemoplasmas through microscopy difficult. 387
Within vampire bats, we found the odds of hemoplasma infection to be greatest for non-388 reproductive bats sampled in the spring and for subadult bats. Overall higher prevalence in non-389 reproductive bats is surprising, given that animals often down-regulate costly immune function 390 during reproductive events and are more susceptible to infection [79, 80] . This pattern could 391 possibly reflect seasonal birth pulses and the influx of immunologically naïve bats [81, 82] , 392 which is corroborated by the OR for non-reproductive bats being greatest in the spring when 393 births peak in vampire bats [83] . Seasonal birth pulses could also explain the trend for prevalence 394 to be greater in subadult bats, though the marginally significant averaged effect of age is likely 395 due to controlling for other factors in the GLMMs. This trend is similar to findings on rabies 396 virus exposure, in which younger vampire bats also showed higher seroprevalence [84] . hemoplasmas. We note that even our top GLMMs only explained up to 21% of the variation in 404 infection status (Table S3) 
